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hippocampal HSP70 neuroprotection

Rachel L. Gallia,b, Donna F. Bielinskia, Aleksandra Szprengiela,
Barbara Shukitt-Halea, James A. Josepha,∗

a Neuroscience Laboratory, USDA-ARS Human Nutrition Research Center on Aging at Tufts University,
711 Washington St., Boston, MA 02111, USA

b Department of Psychology, Simmons College, 300 The Fenway, Boston, MA 02115-5898, USA

Received 24 September 2004; received in revised form 2 December 2004; accepted 31 January 2005

Abstract

Dietary supplementation with antioxidant rich foods can decrease the level of oxidative stress in brain regions and can ameliorate age-related
deficits in neuronal and behavioral functions. We examined whether short-term supplementation with blueberries might enhance the brain’s
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bility to generate a heat shock protein 70 (HSP70) mediated neuroprotective response to stress. Hippocampal (HC) regions from
ld rats fed either a control or a supplemented diet for 10 weeks were subjected to an in vitro inflammatory challenge (LPS) and the

or levels of HSP70 at various times post LPS (30, 90 and 240 min). While baseline levels of HSP70 did not differ among the vario
ompared to young control diet rats, increases in HSP70 protein levels in response to an in vitro LPS challenge were significantly
s compared to young control diet rats at the 30, 90 and 240 min time points. However, it appeared that the blueberry diet complet

he HSP70 response to LPS in the old rats at the 90 and 240 min times. This suggests that a short-term blueberry (BB) intervention
n improved HSP70-mediated protection against a number of neurodegenerative processes in the brain. Results are discussed in

ultiplicity of the effects of the BB supplementation which appear to range from antioxidant/anti-inflammatory activity to signaling
2005 Published by Elsevier Inc.
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. Introduction

There is a great deal of research suggesting that one of
he most important factors mediating the deleterious effects
f aging on behavior and neuronal function is a decreased
ntioxidant/oxidative/inflammatory stress balance (see[17]

or review). The CNS appears to be especially vulnerable to
S effects, partially as a result of additional factors such as

ncreases in the ratio of oxidized to total glutathione[50],
ignificant lipofuscin accumulation[22] with bcl-2 increases
54], increases in membrane lipid peroxidation[72], de-
reased glutamine synthetase[10], reductions in redox active
ron [22,55]and alterations in membrane lipids[14]. Impor-
antly, in addition to these considerations, it has been shown
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that not only is the CNS particularly vulnerable to OS but
vulnerability increases during aging (see[31,32]for review).
With respect to aging, we[8] have shown that senescent r
exhibited significantly greater motor behavioral deficits
decreased tyrosine hydroxylase immunoreactivity (in
compacta) than young rats following intra-nigral applicat
of dopamine (DA). Research has also shown that beside
factors discussed above (e.g., reductions in glutathione le
[50]) OS vulnerability in aging may be the result of seve
additional factors, such as: (a) changes in the micro
culature[18], (b) increases in oxidized proteins and lip
[18], (c) alterations in the membrane microenvironment
alterations in calcium buffering ability, and (e) differen
vulnerability of neurotransmitter receptors[33,34].

Also paralleling the results seen with respect to oxida
stress are increases in sensitivity to inflammatory medi
with aging. For example, Manev and Uz[41] showed tha
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old rats were more sensitive to kainate-induced excitotoxic
brain injuries and enhanced 5-lipoxygenase (5-LOX) expres-
sion in limbic structures. Moreover, research has suggested
that inflammatory prostaglandins (PG) such as PGE increase
in aging, especially in such areas as the hippocampus[13].
In this respect, the PG synthesis pathway appears to be a ma-
jor source of ROS in several organ systems including brain.
[4].

The results of such increases in inflammatory reactions
in several pathways involving such factors as cytokines, cy-
cloogenases, prostaglandins, etc. may represent extracellular
signals that act in concert to generate additional ROS to in-
duce decrements in neuronal function or glial neuronal inter-
actions[52,56,59,60,66].

It also appears that one important factor in the increased
vulnerability to OS and inflammation seen in aging may
be decreases in inducible heat shock protein 70 (HSP70;
[7,51,62]). Both in vitro and in vivo experiments have demon-
strated that increasing the level of inducible HSP70 can pro-
tect neuronal cells from a wide range of damaging agents
and processes, including heat shock, ischemia, necrosis, tox-
ins, and reactive oxygen species[23,24,38,57]. Moreover, in-
ducible HSP70 works to help damaged proteins regain their
correct structure, function and/or location[57,64] and may
be neuroprotective.

It might be surmised that the aforementioned reductions
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Interestingly, analyses of oxidative stress reductions with
BB supplementation via dichlorofluorescin diacetate assess-
ments of various brain regions revealed only small but statis-
tically significant effects on DCF[6,35] with no significant
changes in glutathione[35]. Thus, it appeared that the ben-
eficial effects of the BB supplementation on oxidative stress
appeared to be minimal. These results support those of a re-
cent study[61] that showed that BB supplementation did not
alter blood or urine levels of ORAC. If this is the case, the
question arises as to other mechanisms that may be involved
in the beneficial effects that we have observed from the BB
supplementation.

It appears that the multiple bioactive compounds present
in fruits such as BBs and their impact on central ner-
vous system function may stem from a combination of fac-
tors including anti-inflammatory, anti-viral, anti-microbial,
anti-adhesion, and membrane-modulating properties[15,19,
21,43,45]. However, we believed that there may be effects
on more than one OS/inflammatory parameter. Since it ap-
pears, that, as discussed above, inducible HSP70 is a po-
tent antioxidant/anti-inflammatory that is reduced in aging,
it may be that BB supplementation may restore the activa-
tion of this protein during periods of stress and reduce the
vulnerability to these insults and contribute to the beneficial
effects observed previously. Therefore, the present study was
carried out to determine if BB supplementation in senescent
r P70.
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n inducible HSP70, possibly along with the other parame
isted above (e.g., alterations in glutathione), contribute t
ge-related increases in vulnerability to OS and inflamma

hat translate into cognitive and motor behavioral deficit
his respect, studies indicate that oxidative stress[58] and in-
ammation[25,26]are contributing factors to the behavio
ecrements seen in aging.

If this is the case then it might be surmised that inter
ions designed to reduce the vulnerability of the aged b
o inflammatory and OS insults might translate into red
ions in cognitive and motor behavioral deficits. To this
esearch has shown that nutritional supplements such
amins C or E, garlic[69], herbals (e.g., Ginseng, Gink
iloba, Ding lang; see[9]), and dietary fatty acids (review

n [70]) have altered these deficits with varying degree
uccess. However, we believed that given the conside
ntioxidant/anti-inflammatory potential of the fruits and v
tables, they might show considerable efficacy in reducin
eleterious effects of aging on neuronal function and be

or. We utilized fruits and a vegetables identified as being
n antioxidant activity via the oxygen radical absorbance
acity assay (ORAC; e.g., see[67]) and showed that dieta
upplementation (for 8 weeks) with spinach, strawberr
lueberry (BB) extracts (2% of an AIN-93 diet;[35]) was
ffective in reversing age-related deficits in neuronal and
avioral (cognitive, MWM performance) function in ag
19 months) F344 rats. However, only the BB suppleme
roup exhibited improved performance on tests of m

unction. Similar results were seen in a subsequent ex
ent[71].
ats would reverse the decrements in LPS-induced HS
ote that while hippocampal (HC) responses in LPS-indu
SP70 were assessed in young animals as well, a youn
upplemented group was not included, since the major
f this study was to assess effects of BBs on this param

n old rats as a partial explanation for the beneficial eff
f BB supplementation on motor and cognitive function
e had seen previously[35,71].

. Methods

.1. Subjects and diet

Thirty male Fischer 344 (F344) rats from the NIA/Har
olony were housed in pairs on a 12 h light/dark sche
ith ad libitum access to food and water. Young rats (n = 7)

eceived the control diet, from 4 to 6 months of age. Old
ere randomly assigned to either the control (n = 7) or the
lueberry supplemented diet (n = 7) group and received th
iet from ages 19 to 21 months. All subjects were mainta
n the diets for 10 weeks prior to in vitro LPS treatm
he rats were weighed weekly. The animals were use
ompliance with all applicable laws and regulations as
s principles expressed in the National Institutes of He
nited States Public Health Service Guide for the Care
se of Laboratory Animals. This study was approved by

nstitutional Animal Care and Use Committees of Simm
ollege and the Human Nutrition Research Center on

ng at Tufts University. The diet was prepared as previo
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described[71]. In brief, blueberries were mixed 1:1 with wa-
ter, homogenized in a blender for 3 min, and centrifuged at
13,000× g for 15 min at 4◦C. The supernatant was frozen
and then freeze dried. The resultant crude blueberry extract
powder was assayed for antioxidant capacity[63] and incor-
porated into standard nutritionally complete rat diet at 2% by
weight as in Youdim et al.[71] and Joseph et al.[29]. An
equivalent amount of corn was added to the control diet.

2.2. In vitro LPS treatment

Brains were dissected on ice and hippocampal regions
were individually crosscut (300 mu, McIlwain tissue chop-
per) and transferred into glass vials containing cold modi-
fied Krebs–Ringer buffer (21 mM NaHCO3, 3.4 mM glucose,
1.3 mM NaH2PO4, 1 mM EGTA, 0.93 mM MgCl2, 127 mM
NaCl, 2.5 mM KCl, bubbled with 95% O2/5% CO2). Tissue
samples were washed and aliquoted into fresh buffer with ei-
ther 0 or 10 ug/ml LPS (lipopolysaccharide, Sigma,E. coli,
serotype 055:B5, TCA extraction), shaken in a 37◦C water
bath for 0, 30, 90 and 240 min with fresh buffer +/− LPS
replaced at 30-min intervals. Vials were then put on ice, and
samples transferred to centrifuge tubes, spun at 10,000× g,
10 min, 4◦C, and dry tissue pellets frozen at−80◦C. This
method was adapted from one we have used successfully to
assess the effect of oxidative stress on signal transduction in
f
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ondary antibody in TBST with 5% milk. After final washing
in TBST, signal was detected using the Renaissance West-
ern Blot Chemiluminescence kit (DuPont NEN). The amount
of protein per lane was confirmed using a primary antibody
against actin (SC-8432, Santa Cruz). Autogradiograms of
the chemiluminescent immunoblots were quantified using a
molecular dynamics densitometer and expressed in units of
optical density.

Three dependent measures of inducible HSP70 were
analyzed: baseline levels (0 ug/ml LPS), stimulated levels
(10 ug/ml LPS) and percent change from baseline, which
was calculated as the difference from baseline with LPS
stimulation expressed as a percent of baseline (10 ug/ml
LPS− 0 ug/ml LPS)/0 ug/ml LPS× 100. For each HSP70
measure, and for HSC70 results and actin, two-way between-
subjects analysis of variance (ANOVA) models comparing
the three groups at the various times (0, 30 and 90 min post
LPS) were performed using Systat (SPSS Inc., Chicago, IL)
to test for statistical significance at thep < 0.05 level. Post-
hoc comparisons, to determine differences among the groups,
were performed using Fisher’s LSD test.

Note that for the 240-min time point a pooled sample was
analyzed, since the tissue was used across all the times and
was limited for this time. Therefore, the 240 time point was
analyzed separately.
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reshly dissected brain tissue[30,35,36].

.3. Protein preparation

Processing to total cytosolic lysates for western blots
an with tissue pellets being resuspended in cold RIPA b
1× PBS, 1% NP40, 0.5% sodium deoxycholate, 0.1% S
H 7.4) plus protease inhibitors (40 uM PMSF, 2 ug/ml
peptin, 1 ug/ml pepstatin, 0.1 nM Na vanadate, 1 uM N
nM DTT). Samples were vortexed, placed in ice for 30 m
entrifuged at 10,000× g and 4◦C for 10 min, and the su
ernatant assayed for protein concentration. The resu

otal cytosolic lysates were stored at−80◦C for western im
unoblots.

.4. Western immunoblot and statistics

For Western blots, protein samples (60 ug) were run
0% SDS-PAGE gel[44]. Control samples included He
ell lysate (heat shocked and control), rat brain lysate
SP70 (SPP-758E, Stressgen). The gel was soaked i

ein transfer buffer (TB: 200 mM glycine, 25 mM Tris ba
0% methanol) for 10 min at room temperature, and
lotted onto nitrocellulose using a Hoeffer Transphor U
lots were blocked with TBST (137 mM NaCl, 20 mM Tr
.1% Tween-20, pH 7.5) with 5% non-fat dried milk a

ncubated with primary antibodies (HSC/HSP70, SC1
HSC70, SC1059, Santa Cruz; iHSP70, SPA810, Stres
n TBST with 5% milk, followed by washing with TBS
nd incubation with a horseradish peroxidase-conjugate
. Results

.1. Body weights

Analysis of the body weights indicated that
oung animals weighed less (388.1± 13.8 g) than the BB
upplemented (467.3± 12.6 g) or control (469.8± 12.7 g)
enescent animals contributing to an overall significant d
nce in the analysis of variance (F(2,26) = 124.16,p < 0.000)
owever, as can be seen from the data, there were n

erences between the two groups of aged animals (p > 0.05
ost-hoc Fisher’s LSD test).

.2. Baseline rat HC HSP70 protein levels

As shown inFig. 1, baseline levels of HSP70 in hippoca
al regions across the various times did not differ amon
arious groups [F(4,32) = 2.48,p = 0.064]. However, it ap
eared that the HSP70 was higher at the 30 and 90 min

han at the 0 time [F(2,32) = 11.73,p < 0.001].

.3. Time course of HSP70 induction in rat HC
ollowing LPS challenge

The results of the putative age by diet-related differe
n the time course of the hippocampal HSP70 resp
o LPS indicated that these differences did not ap
ntil 90 min following LPS exposure (Fig. 2) [group
ffect,F(2,32) = 8.47,p < 0.01; time effect,F(2,32) = 48.52
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Fig. 1. Baseline levels of heat shock protein 70 (HSP70) at various incu-
bation times (0, 30, 90 and 240 min) in hippocampal regions of young rats
fed a control diet, old rats fed a control diet, and old rats fed a blueberry
supplemented diet for 10 weeks.

p < 0.001]. Thus, no differential effects of LPS exposure on
HSP70 activation were seen among the groups at the 30 min
time point following LPS treatment.

Post-hoc testing showed that following 90 min of in vitro
exposure to 10 ug/ml LPS, increases in HSP70 levels were
significantly lower in old control diet rats as compared
to young control diet rats in brain hippocampal regions
(p < 0.001). Hippocampal regions from BB-supplemented
old rats produced HSP70 levels that were higher than old
control diet rats (p < 0.05) and no different from the young
rats (p > 0.05). These group differences were maintained at
240 min after LPS treatment [F(2,6) = 8.95,p < 0.05] (Fig. 2).

When examining percent change from baseline, i.e., no
LPS induced HSP70 versus LPS induced HSP70 at each
time, the group differences were primarily seen at 90 min
[F(2,12) = 4.17,p < 0.05] (Fig. 3). Again, the percent change
in senescent rats fed the control diet was lower than that of
young control diet rats (p < 0.05), while the BB-supplemented
old rats had a percent increase that was not different than
the young rats (p = 0.71), yet higher than age-matched con-

F times
f l re-
g d rats
f

Fig. 3. Percent increase in hippocampal HSP70 levels from baseline in re-
sponse to an in vitro LPS challenge at various times post LPS (30, 90 and
240 min) of young rats fed a control diet, old rats fed a control diet, and old
rats fed a blueberry supplemented diet for 10 weeks.

trols (p < 0.05). However, at the 240 min time point, there
were no differences between the groups on the effects of LPS
on HSP70 induction [F(2,6) = 0.33,p = 0.73] (Fig. 3). As is
also shown inFig. 3, the non-significant differences among
the groups at 240 min appears to be the result of reductions
in LPS-induced HSP70 in the young and BB-supplemented
groups and a slight but non-significant increase in the old
control group, rather than a slower rise in the induction of
HSP70 in this group.

Finally, there were no differences in HSC70 or actin as a
function of age or diet as a function of the length of the LPS
exposure.

4. Discussion

As mentioned in the introduction, with age there are in-
creased levels of, and reduced protective mechanisms against,
cellular stresses such as inflammation and oxidative stress
[5,46,48]. One of the most important of these is HSP70.
The induction of HSP70 in response to heat stress has been
demonstrated in a wide range of studies to protect cells from
subsequent damage. HSP70 has been described as a molecu-
lar chaperone that works in part to restore damaged proteins
to their original structure and function[57,65]. The amount of
protection afforded has been shown to be proportional to the
l 0
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ig. 2. Stimulated levels of heat shock protein 70 (HSP70) at various
ollowing incubation with LPS (0, 30, 90 and 240 min) in hippocampa
ions of young rats fed a control diet, old rats fed a control diet, and ol

ed a blueberry supplemented diet for 10 weeks.
evel of HSP70 induction[1–3,68]. Within the brain, HSP7
ediated cell survival is also affected by cell type, brain
ion, and age-dependent differences in the time course
esponse to hyperthermia[47,51]. In general, mammals b
ome less tolerant to heat stress with old age, as evide
y the higher rate of death by hyperthermia in old rats[28]
nd humans[16]. A reduction in the size of the HSP70
ponse[49,27] may play a role in the increased vulnera
ty to stressors that occurs with age, and as mention
he Introduction, both oxidative stress[58] and inflammation
25,26]are contributing factors to the behavioral decrem
een in aging.



348 R.L. Galli et al. / Neurobiology of Aging 27 (2006) 344–350

In this regard, the present findings show that there were
no differences among the groups in basal HSP70. However,
it also appeared that acute LPS-induced HSP70 production
was significantly decreased at the 90 and 240 min post LPS
times in the senescent control rats as compared to the aged
BB-supplemented and young control rats. The finding show-
ing that there were age differences in the response at both of
these later time points suggest that the differences observed
were not the result of age differences in amount of time re-
quired to mount a full HSP70 response as compared to the
age differences in overall size of response.

Instead the results showed that short-term nutritional in-
tervention with BB supplementation increased HSP70 medi-
ated protection in the hippocampal regions of old rats against
a stressor such as LPS, and this difference is maximized at
the 90 and 240 post LPS time points (Fig. 2). These find-
ings suggested that short-term BB supplementation restored
the ability of the aged hippocampal cells to respond to an
inflammatory challenge with a large production of inducible
HSP70.

Thus, it might be postulated that the increases in stress
induced HSP70 activity in the BB-supplemented aged rats
could play a role in shifting the balance between pro- and
anti-oxidant forces[5] to a response that was similar to those
seen in the young animals. As HSP70 is synthesized in re-
sponse to a host of damaging stimuli, these findings suggest
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Finally, it should be mentioned that although the BB-
supplemented animals did not show any loss of weight as
compared to the rats fed the control diet, the effects seen here
with respect to LPS-induced enhancement of HSP70 are sim-
ilar to those seen previously with long-term caloric restric-
tion (CR) (see[11] for review). It should also be noted that
transgenic mouse models of Alzheimer disease (AD) respond
to food restriction with increased resistance to AD-related
synaptic changes[74]. This protection correlates with en-
hanced HSP70 production in cortical synaptosomes and with
HSP70’s effect on calcium regulation, membrane potential,
and resistance to oxidative stress[24,62,73]. This neuropro-
tection is postulated to be a critical factor in the beneficial
effect of caloric restriction on both life expectancy and ani-
mal models of Alzheimer disease[24,73].
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Previous studies have suggested that although age-r
hanges in hippocampal function impair spatial learning
emory in rats and humans[20,39,42,53], the improved pro

ection may combine with other factors such as increas
ippocampal neurogenesis and signaling[12] that ultimately

ranslate into improved behavioral performance. In this
ard, as mentioned in Section1, BB supplementation signifi
antly improved performance on tests of spatial learning
emory[9,35,36,71]in the sensecent rats.
The mechanisms involved in the enhanced HSP70

ponse to LPS in the hippocampal tissue also may inv
ltered signaling, since we have recently shown that
upplementation enhanced hippocampal ERK activit
PP/PS-1 mice[29]. Recent work also indicates th
yperthermic-induced stress decreased hippocampal
ctivity and increased HSP70 activity. There is also w

o show that curcumin, a potent spice with antioxidant/a
nflammatory activity, antagonizes the effects of LPS
own-regulating the Janus (JAK) kinase-STAT inflamma
athway[37]. Results from several experiments suggest

he LPS involves activation of microglia and subsequen
uction of glutamate. These would ultimately affect neur
ells in the hippocampus (e.g., see[40]). Further analyses
he putative role of BB supplementation in altering signa
n LPS-induced HSP70 activity will be the subject of fut
xperiments, as will determination of the particular cell t
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